Randomized controlled trials support the antidepressant efficacy of transcranial magnetic stimulation (TMS); however, there is individual variability in the magnitude of response. Examination of response predictors has been hampered by methodological limitations such as small sample sizes and single-site study designs. Data from a multisite sham-controlled trial of the antidepressant efficacy of TMS provided an opportunity to examine predictors of acute outcome. An open-label extension for patients who failed to improve provided the opportunity for confirmatory analysis. Treatment was administered to the left dorsolateral prefrontal cortex at 10 pulses per second, 120% of motor threshold, for a total of 3000 pulses per day. Change on the Montgomery-Asberg Depression Rating Scale after 4 weeks was the primary efficacy outcome. A total of 301 patients with nonpsychotic unipolar major depression at 23 centers were randomized to active or sham TMS. Univariate predictor analyses showed that the degree of prior treatment resistance in the current episode was a predictor of positive treatment outcome in both the controlled study and the open-label extension trial. In the randomized trial, shorter duration of current episode was also associated with a better outcome. In the open-label extension study, absence of anxiety disorder comorbidity was associated with an improved outcome, but duration of current episode was not. The number of prior treatment failures was the strongest predictor for positive response to acute treatment with TMS. Shorter duration of current illness and lack of anxiety comorbidity may also confer an increased likelihood of good antidepressant response to TMS.
INTRODUCTION
A growing number of controlled trials and meta-analyses (Burt et al, 2002; Holtzheimer et al, 2001; Martin et al, 2003; Mitchell and Loo, 2006) support antidepressant effects of transcranial magnetic stimulation (TMS). However, not all studies are positive (Boutros et al, 2002; Cohen et al, 2003; Hansen et al, 2004; Hausmann et al, 2004; Loo et al, 1999; Loo et al, 2003; Mosimann et al, 2004) and earlier studies were hampered by small sample sizes and other limitations. A recent meta-analysis argues that the improved design (dose, length of treatment) of recent studies (Avery et al, 2006; Fitzgerald et al, 2003 Fitzgerald et al, , 2006 is associated with larger treatment effects than work before 2000 (Gross et al, 2007) . Consistent with this, we found TMS to be safe and efficacious in a pivotal randomized controlled trial of 301 patients with major depression who had failed to benefit from at least one adequate antidepressant treatment in the current episode (O'Reardon et al, 2007) . In an open-label extension study of those who did not improve in the randomized phase, open treatment with active TMS for 6 weeks resulted in significant improvement (42% response rate for those who had failed to respond to sham, and 26% response rate in those who had failed to respond to active TMS; Avery et al, 2008) . Identifying patient-and treatmentrelated factors influencing outcome would aid patient selection. The present study addresses factors related to response in this pivotal trial.
Among the most consistently reported predictors of antidepressant response is treatment resistance (Prudic et al, 1996a; Rush et al, 2006) . The Sequenced Treatment Alternatives to Relieve Depression (STAR*D) trial found remission rates drop from 28 to 6.9% with successive levels of treatment nonresponse . Other studies suggest depressive subtype (Paykel, 1972; Simpson et al, 1976) , history and course of the illness (Keller et al, 1984 Trivedi et al, 2006) , presence of Axis I or Axis II comorbidity, particularly anxiety Trivedi et al, 2006) , medical comorbidity Trivedi et al, 2006) , age (Dew et al, 1997; Gildengers et al, 2005) , and polymorphisms affecting serotonin and glutamate neurotransmission (McMahon et al, 2006; Paddock et al, 2007) may influence response.
Patient-related factors emerging as being related to response to TMS include duration of current episode (Brakemeier et al, 2007; Holtzheimer et al, 2004) , medication resistance (Brakemeier et al, 2007; Fregni et al, 2006) , and age (Figiel et al, 1998; Fregni et al, 2006; Manes et al, 2001; Mosimann et al, 2002 Mosimann et al, , 2004 Su et al, 2005) . Fregni et al (2006) reported that younger age and less prior treatment resistance was associated with better response to TMS. Similarly, Brakemeier et al (2007) found that the least treatment-resistant patients showed the greatest clinical benefit. They also noted that baseline sleep disturbances predicted benefit from TMS.
Treatment-related factors influencing antidepressant response with TMS include stimulation intensity, frequency, number of pulses administered, and duration of the treatment course (Gershon et al, 2003; Padberg et al, 2002; Sachdev et al, 2002) . Increasing the distance from the coil to the target cortex decreases the intensity of the stimulation reaching the brain, which is negatively correlated with antidepressant response and with the degree of stimulation-induced brain activation (Kozel et al, 2000; Mosimann et al, 2002; Nahas et al, 2001) . The impact of atrophy on coil-to-cortex distance has been posited to contribute to reduced efficacy in the elderly (Figiel et al, 1998; Fregni et al, 2006; Manes et al, 2001; Mosimann et al, 2002 Mosimann et al, , 2004 Su et al, 2005) . Adjusting dose to overcome atrophy may result in better effects in the elderly (Nahas et al, 2004) . Other treatment factors related to neurophysiological responses to TMS include coil and stimulator type, waveform shape and polarity, coil position, and orientation relative to target cortex (Davey and Epstein, 2000; Kammer et al, 2001a, b; Maccabee et al, 1998; Thielscher and Kammer, 2004) . Even when these factors are held constant, considerable variability in neurophysiological responses to TMS has been described (Wassermann, 2002) . Regional brain activation has been associated with differential response to high-vs low-frequency TMS (Kimbrell et al, 1999) , suggesting that the state of the circuitry targeted by TMS may affect outcome.
We examined candidate predictor variables in our recently completed, large multisite sham-controlled randomized clinical trial in medication-free unipolar depressed patients resistant to at least one antidepressant medication trial in the current episode (O'Reardon et al, 2007) . Several potential predictors were held constant by the trial design, therefore we focused on those patient and treatment measures that contained sufficient variability to meaningfully assess their influence on clinical outcome. On the basis of the most consistent observations seen in earlier work with TMS and with other antidepressant treatments, we predicted that less medication resistance, younger age, and shorter illness duration would be associated with superior antidepressant efficacy of TMS.
MATERIALS AND METHODS

Study Overview
A randomized controlled trial of the antidepressant efficacy of TMS in unipolar depression was conducted at 23 clinical sites in the United States (N ¼ 20), Australia (N ¼ 2), and Canada (N ¼ 1) (O'Reardon et al, 2007) . Active enrollment occurred between January 2004 and August 2005. The study was a double-masked randomized controlled clinical trial designed to examine the efficacy of the Neuronetics NeuroStar TMS Therapy System compared to a sham TMS treatment condition. An open-label trial that followed the same treatment sequence as the randomized controlled trial was available for all patients who: (1) participated in the first study for at least 4 weeks and (2) had not received significant clinical benefit from their randomized assignment (Avery et al, 2008) . The criterion defining failure of clinical benefit in the randomized controlled trial was applied in a blinded manner (ie investigators and patients were unaware of the criterion for eligibility for enrollment in the open-label extension study). The specific criterion to determine eligibility for entry into the open-label extension study was failure to achieve at least a 25% improvement in total score on the 17-item Hamilton Depression Rating Scale (HAMD17) compared to baseline assessment. During the entire clinical program, the blinded treatment assignment was not revealed until all patients had completed all treatments.
Participants
A complete description of the inclusion and exclusion criteria for participating patients is described elsewhere (O'Reardon et al, 2007) . All patients met DSM-IV diagnostic criteria for unipolar, nonpsychotic major depressive disorder, confirmed by the Structured Clinical Interview for Diagnosis (IV). Patients were moderately to severely ill by symptom measures at baseline and moderately to severely resistant to pharmaceutical antidepressant treatment in the current illness episode as measured by the Antidepressant Treatment History Form (ATHF; Prudic et al, 1996b) . The ATHF is a manualized, reliable, and validated method of rating the adequacy of antidepressant treatment trials. Use of the ATHF has demonstrated that for each adequate antidepressant treatment trial, a patient has usually experienced an average of four treatment attempts. Subjects with risk factors for seizure (eg prior seizure history) were excluded.
TMS Treatment Parameters
Each TMS treatment session consisted of a fixed-dose parameter set involving stimulation at 120% of the patient's observed motor threshold (MT), with a repetition rate of 10 pulses per second (10 Hz). Stimulation trains were 4 s in duration, followed by a 26 s intertrain interval, for a total of 40 pulses for each pulse train. A total of 75 pulse trains, or a total of 3000 pulses, were delivered in each treatment session to the left dorsolateral prefrontal cortex (DLPFC), defined as the site 5 cm anterior to the optimal area for stimulating the thumb.
Motor thresholds were performed via visual twitch in the contralateral hand muscle at the beginning of each treatment week or when indicated in the opinion of the clinical investigator. Complete details of cross-center training in study procedures, including MT determination and TMS delivery, may be found in Demitrack and Lisanby (2008) . Briefly, training and verification of competence in MT determination was established before first treatment, and then periodic on-site visual observation of treatment technique was conducted for the duration of this study by the study monitors who traveled to each site. Reliability had to be demonstrated by each TMS operator on the determination of MT, selection of treatment site, and delivery of the treatment session following a detailed study manual and TMS device operator's manual (Demitrack and Lisanby, 2008) .
Adverse Event Reporting and Other Safety Assessments
Safety results have been presented in detail elsewhere O'Reardon et al, 2007) . Adverse events were obtained at each treatment visit by spontaneous verbatim report from the patient and coded by body system and preferred term using the current version of the Medical Dictionary for Regulatory Activities. All adverse events were assessed by the investigator with regard to their potential causal relationship to the study device (five-tiered assessment) and also by their clinical severity (three-tiered assessment). All serious adverse events were separately described.
During active stimulation, the operation of the device produces an audible clicking sound. All patients and investigative personnel present in the treatment room were required to use earplugs meeting a minimum standard of 30 dB protection. Air conduction auditory threshold was assessed utilizing the Micro Audiometer Earscant device at baseline, week 4, and week 6 during the acute treatment phase.
Cognitive function was assessed for global cognitive function, immediate and delayed recall, and long-term memory. The instruments used were the Mini Mental Status Exam, the Buschke Selective Reminding Test, and the Autobiographical Memory InterviewFShort Form. These measures were obtained at baseline, week 4, and week 6 during the acute treatment phase.
Summary of Candidate Predictor Variables
Categorical variables included age, gender, duration of current illness episode, the presence of anxiety disorder as a comorbid illness, course of illness (single episode vs recurrent), treatment resistance status in current episode (dichotomized as one vs more than one adequate trial in the current episode), employment status, and the presence an atypical major depression. Continuous variables included Montgomery-Asberg Depression Rating Scale (MADRS) total score baseline symptom severity, and baseline MT.
Statistical Analysis
Efficacy analyses in the original randomized controlled trial were performed on the intent-to-treat sample of all evaluable patients, defined in the protocol as those with a baseline and at least one post-baseline observation available for analysis (O'Reardon et al, 2007) . All analyses were conducted in a last-observation carried forward manner. A complete description of the prespecified statistical analysis methods used in the original randomized controlled trial is discussed in detail elsewhere (O'Reardon et al, 2007) .
In this report, we used an exploratory statistical approach to examine the impact of selected predictors on clinical efficacy. As described in the sections above, there are several explanatory variables that may be plausibly expected to influence outcome based on prior literature reports. Data were analyzed using an analysis of covariance model. The explanatory variables in the model were the clinical predictor (either categorical or continuous), treatment group (active TMS or sham TMS assignment in the randomized controlled study), and the interaction term for the clinical predictor and treatment group. For the open-label study, the treatment assignment, and the interaction term were excluded, as this was an open-label crossover trial, and hence the two subgroups (Extended Active TMS and Sham-to-TMS treatment conditions) no longer represented randomized patient cohorts. However, we present the analyses for the pooled sample in the open-label study for reference comparison to the individual treatment group results in that study. In all analyses, the dependent variable was the change from baseline value for the primary efficacy measure (MADRS total score). For the randomized controlled trial the primary efficacy time point was specified at week 4, and for the open-label study at week 6 of the acute treatment phase. In the randomized controlled trial, for any predictor where the p-value for the interaction term with treatment was less than the a priori designated threshold value (po0.10) analyses were conducted for each treatment group independently, using the specified clinical predictor as the only factor in the model. In the openlabel trial, the separate results of the univariate analyses in each the two treatment groups were used to draw conclusions regarding clinically interesting predictor-outcome relationships, again, using a threshold po0.10 as the criterion of note. For both studies, results from these univariate analyses provided the necessary background to conduct further multivariate analyses on the candidate explanatory variables of statistical interest to understand the interaction of the proposed clinical predictors and their collective effect on clinical response. All analyses were conducted using SAS (version 8.02) on the Windows XP platform.
RESULTS
Study Population Characteristics
At entry into the randomized controlled trial, the active (n ¼ 155) and sham (n ¼ 146) groups did not significantly differ in age, gender, ethnicity, depression history (whether single episode or recurrent course), duration of current episode, presence of comorbid psychiatric disorders, or baseline symptom severity (Table 1) . A total of 164 patients (54.5% of the total sample) had received one antidepressant treatment trial of adequate dose and duration in the current episode, with the remainder of the patients receiving from two to four adequate treatment trials. Among those patients with one adequate antidepressant exposure, the median number of antidepressant treatment attempts that did not meet rigorous ATHF criteria for adequacy was 4, with a range of attempts from 1 to 23 different antidepressants.
A total of 158 patients who did not benefit from their randomized assignment in the controlled study elected to Among the categorical variables examined as predictors in the randomized controlled trial, treatment resistance history in the current episode (p ¼ 0.021) and duration of current episode (p ¼ 0.069) showed an interaction with treatment arm assignment at the assigned threshold of po0.10 (Table 2 ). Further analysis of the impact of the identified variables within each treatment arm showed a significant effect for treatment resistance history in the current episode (p ¼ 0.067) and duration of current episode (p ¼ 0.015) in the active TMS treatment arm only. Specifically, active TMS-treated patients who failed to benefit from one adequate antidepressant treatment in the current episode showed significantly greater improvement in MADRS and HAMD24 total scores than those patients who had failed 2-4 adequate trials (Figure 1 ). There was no statistically significant influence of these variables on clinical outcome in sham-treated patients.
For the continuous variables, neither candidate variable exceeded the specified threshold level of significance at po0.10.
A multivariate model using all two-way interactions among the predictor variables under the univariate outcomes analysis described above provided no meaningful alternative model to explain efficacy outcome than was apparent in the univariate results. Of note, there was not a significant interaction between duration of current episode and treatment resistance.
Analysis of the Influence of Baseline Candidate Predictors on Outcome to Acute Treatment: Open-Label Extension Trial
In contrast to the controlled trial, the treatment groups within the open-label study do not represent randomized assignments. Therefore, the interaction term of the predictor variable with treatment group was ignored, and only the univariate analyses, which explored evidence for a main effect of the predictor variable within either the Extended Active TMS or the Sham to TMS groups separately, were inspected. Using this methodology, in the Sham to TMS group, a reduced incidence of comorbid anxiety disorder (p ¼ 0.005), less treatment resistance in current episode 
Demographic and Clinical Features of Patients with Treatment Resistance to One Adequate Antidepressant Treatment in the Current Illness Episode Compared to the Remaining Patient Population
Among the pattern of candidate predictor variables examined, prior treatment resistance history in the current episode showed the most consistent effect. In particular, failure to benefit from one adequate treatment in the current episode predicted outcome to short-term treatment (ie through 4 or 6 weeks of active TMS), as demonstrated in the active TMS-treated patients in the randomized controlled trial, and similarly in the Sham to TMS patient group in the open-label study. In patients treated for longer than 6 weeks, ie the Extended TMS group in the open-label study, this predictive effect of prior treatment resistance was not observed. Because of the apparent consistency of this effect within these studies and in the prior literature, we further examined the subgroup of patients who had failed to benefit from one adequate antidepressant treatment in the current episode, and compared them to the remaining patients on demographic characteristics, illness history, and clinical features (Tables 4 and 5) . At entry to the randomized controlled trial, patients who had failed to receive benefit from one adequate antidepressant treatment in current episode and who were assigned to sham were older by an average of 3 years than those assigned to active TMS (51.9±9.6 vs 48.6±10.8, respectively, po0.039), but they did not differ on other measured demographic or clinical variables. In the two treatment groups within the open-label trial, a similar small difference in age was noted between the Extended Active TMS and Sham to TMS groups within the cohort of patients who had one adequate antidepressant exposure in the current episode (49.5 ± 10.1 vs 54.2 ± 7.8, respectively, po0.023).
Acute Efficacy Outcomes in Patients with Treatment Resistance to One Adequate Antidepressant Treatment in the Current Illness Episode Compared to the Remaining Patient Population
As noted above, patients who failed to receive benefit from one adequate antidepressant treatment in the current episode and were assigned to the active TMS treatment condition in the randomized controlled trial showed a statistically significantly superior outcome compared to the sham TMS-treated control study group. This outcome was evident on both MADRS and HAMD24 total scores (Figure 1) .
Patients with an ATHF score of 1 (which corresponds to one adequate antidepressant treatment trial and a median of four treatment attempts in current episode) showed significant reductions in MADRS at weeks 2, 4, and 6 (po0.0018, 0.0006, and 0.0063, respectively; Figure 1 ). The remainder of the sample, with ATHF scores 2-4 (corresponding to 2-4 adequate treatment attempts in the current episode), failed to show a significant difference between active and sham. Similar effects were observed in the HAMD24 ratings. The effect size for active vs sham TMS in the subset with an ATHF score of 1 was 0.83 (confidence interval 0.20-1.48), whereas the effect size for the subset with ATHF scores of 2-4 was 0.42 (confidence interval À0.30 to 1.15).
DISCUSSION
We report that a lower degree of medication resistance in the current episode predicts better antidepressant response to TMS. This finding is in line with prior reports that medication resistance was a predictor of response to medications , ECT (Prudic et al, 1996a) , and TMS (Brakemeier et al, 2007; Fregni et al, 2006) . Patients who failed to respond to sham TMS and were Predictors of outcome with rTMS in depression SH Lisanby et al Variables indicated in bold demonstrated a significant main effect for the predictor variable within the treatment group specified (Po0.10). F, No statistically different benefit at the specified level for the indicated treatment group. Please see text for further discussion of results and direction of effect on outcome.
subsequently crossed over to open-label TMS showed the same effect of medication resistance, further supporting the importance of this variable in response prediction. The finding that TMS was more effective in patients who have failed to respond to one adequate trial of antidepressant medications in the current episode has important implications for patient selection. Indeed, the effect size of TMS in patients who had failed to respond to one adequate medication trial in the current episode was 0.83, a large effect size. This result compares favorably to reported effect sizes for antidepressant medications in populations where treatment resistance is not typically used as an inclusion criterion (Khan et al, 2003; Moncrieff et al, 1998 Moncrieff et al, , 2004 , and to the anticipated efficacy of a second adequate trial of antidepressant medications after a first failed adequate trial . Other clinical variables associated with improved response were the absence of a comorbid anxiety disorder and a higher baseline depression severity (Sham to TMS group only), and female gender and a shorter illness duration (Extended Active TMS group only). The absence of a relationship between treatment resistance and clinical outcome in the Extended Active TMS group is worth comment. To enter this phase of the study, patients had to have failed to receive meaningful clinical benefit from at least 4 weeks of active TMS. Therefore, at this point in the study the ATHF 1 group had now failed to receive clinical benefit from both one adequate antidepressant trial before study entry as well as a prospective controlled trial of active TMS treatment, indicating a higher degree of prospectively demonstrated treatment resistance, that may have obscured the effect of treatment resistance on outcome. The Extended Active TMS group also was more likely to have a current episode of greater than 2 years in duration than the Sham to TMS group, further complicating the comparison. We failed to replicate prior reports that age was a negative predictor of outcome (Figiel et al, 1998; Fregni et al, 2006; Manes et al, 2001; Mosimann et al, 2002 Mosimann et al, , 2004 Su et al, 2005) . Notably, patients that were X55 showed a similar response as younger patients. Although our age cutoff of 70 may have affected our ability to detect an age effect, it is also possible that the longer course of TMS (at least 4 weeks) provided in this study was more effective in achieving response in older patients than the 1-2 weeks provided in the previous trials that reported an age effect (Figiel et al, 1998; Fregni et al, 2006; Manes et al, 2001; Mosimann et al, 2002 Mosimann et al, , 2004 Su et al, 2005) . There are suggestions that a subset of older patients demonstrate a slower trajectory of response, thereby benefiting from longer antidepressant medication trials (Gildengers et al, 2005) . The same might hold true for TMS as well. Furthermore, the stimulation intensity of 120% of MT used in this trial may be able to overcome small amounts of atrophy that may be present in elderly patients potentially affecting outcome. Indeed, in the one study to examine this with MRI, an intensity of 117% MT would have been able to deliver a dose equivalent to MT in all depressed elders studied (Nahas et al, 2004) .
Limitations of this study include the fact that only one dosage of TMS was examined. These results may not necessarily generalize to other TMS dosage and delivery paradigms. The sample studied here did not include certain clinical features that have been suggested by some investigators to be associated with reduced likelihood of clinical benefit with TMS, including psychotic subtype, and age over 70. It is worth noting that approximately 100 patients with age X55 were included in this trial. Treatment resistance was also capped by protocol to no more than four adequate treatment failures in the current episode. Therefore specific conclusions regarding these factors cannot be made from this data set. The sample also limited the inclusion criteria in the duration of current episode (capped at 3 years). Other neurobiological factors that have been thought to be associated with clinical response were not measured. For example, studies have suggested that certain genetic polymorphisms (Baghai et al, 2004; McMahon et al, 2006; Paddock et al, 2007) and patterns of brain metabolic activity (eg hypermetabolism in the rostral cingulate; Mayberg et al, 1997; Teneback et al, 1999) may be associated with the likelihood of antidepressant response. Considering that TMS is a focal intervention, variation in patterns of regional brain activity may be especially relevant for likelihood of response to TMS as suggested by Kimbrell et al (1999) . Finally, this study did not collect MRI scans to allow measurement of distance from the coil to the nearest cortex and distance of the coil from the target in left DLPFC.
This study suggests that patients with unipolar depression who have failed one adequate medication trial in the current episode are more likely to have a therapeutic response to 10 Hz TMS delivered to the left DLPFC using the treatment schedule used in this study than those who have failed 2-4 trials. These results may be useful in guiding patient selection, for the design of future studies on the clinical efficacy of TMS, and also in defining the appropriate phase of illness for which TMS would be most effective. 
